The alkalinity plays an important role in phosphorus removal using coagulant. The dosage of coagulant in the low alkalinity wastewater is limited due to rapid pH changes. In the present study, a series of jar test was conducted using low alkalinity wastewater (50 mg/L) to evaluate the optimum pH, dosage and performance parameters (slow mixing and settling time) for the common coagulant alum. From the experiment, it was found that the dosage of coagulant and removal of phosphorus depend upon the pH of the wastewater after adding coagulant. The final optimum pH for efficient P removal was found to be within the range of 5.7-5.9. This range acts as an indicator and it is the maximum tolerable pH range for phosphorus removal for low alkalinity wastewater. The optimum time for slow mix and settling was found to be 20 min. The optimum mole ratio of alum to remove one mole of phosphorous was found to be 2.3. The alum coagulation at pH 7 produced effluent with the total residual phosphorus and reactive phosphorus content of 0.3 and 0.9 mg/L, respectively.
INTRODUCTION
Phosphorus present in domestic wastewater is an important macro-nutrient for plant and microorganisms growth. The discharge of large quantities of this nutrient into natural receiving sources raises the growth of algae and results in eutrophication of lakes and streams (Mervat and Logan, 1996) . In fact, algae may grow at PO 4 3-levels as low as 0.05 mg/L (Stanley, 2001) . But fortunately, its growth can be inhibited at the levels of PO 4 3-well below 0.5 mg/L (Stanley, 2001) . Phosphorus is found in wastewater in three principal forms: orthophosphate ion, polyphosphates or condensed phosphates and organic phosphorus compounds (Mahmut and Ayhan, 2003) . The phosphorus concentrations in secondary effluent stand usually within the range of 3-7 mg/L, which mostly consist of orthophosphate and about 1 mg/L of organic phosphorus (Clark, et al., 1997 and Sedlak, 1991) . Thus, it is necessary to reduce the concentration of phosphorus in secondary wastewater to prevent the algal bloom. Actually, phosphorus removal techniques fall into three main categories: physical, chemical and biological (Wang, et al., 2006) . Among them, chemical removal techniques, using metal salts, are reliable and well-established processes (Yeoman, et al., 1988; Wang, et al., 2005 and Lee, et al., 2003) . Chemically, phosphate is most commonly removed by precipitation. Precipitation processes are capable of at least 90-95% phosphorus removal at a reasonable cost (Paul, et al., 2001) (Metcalf and Eddy, 1993) . In general, the degree of phosphorus removal by chemical precipitation is affected by many factors, such as pH, alkalinity, coagulant dose, speed of flash mixing and other interfering substances (James, et al., 2003) . In case of low alkalinity wastewater, the P removal by coagulation is very difficult because of the rapid change that the pH undergoes after adding the coagulant. The overall objective of this study is to find an indicator for optimum coagulant addition and mole ratio for alum to remove phosphorous efficiently from the low alkalinity wastewater.
MATERIALS AND METHODS
The secondary effluent used was collected from a domestic wastewater treatment plant in Suwon city, Korea. The wastewater was collected after the activated sludge treatment process. The characteristics of the secondary wastewater are given in Table 1 . The coagulation experiments carried out using Al 2 (SO 4 ) 3 ·18H 2 O which have been used widely for phosphorus removal.
The coagulation experiments were carried out at the laboratory temperature (20±2 ºC) using a Jar-test (Model SJ-10, Young Hana Tech. Co., LTD) with a six paddle stirrer. In each of the tests, 1000 mL of secondary effluent was taken in the jar. The pH was adjusted to the desirable level with the addition of alkali (1N NaOH) or acid (0.1 N HCl). The coagulant was added under stirring. Rapid mix took place for 1 min. at a speed of 200 rpm, followed by slow mix for 30 min. at 30 rpm. The effects of slow mixing on TP removal were carried out at varying times, namely 5, 10, 15, 20, 25 and 30, respectively. The settling period lasted for 30 min.
After the settling period, samples were taken and analyzed immediately for pH, phosphorus, COD and TSS. The pH of the samples was measured with Horiba Navi at pH meter F-54. COD, phosphate and reactive phosphorus were analyzed using Hach spectrophotometer. The other parameters in the sample were analyzed employing the methods described in APHA (2005) in detail.
RESULTS AND DISCUSSION
The influence of Al 2 (SO 4 ) 3 .18H 2 O dosage on phosphorus removal during the coagulation was shown in Fig. 1 . The addition of 1 mole of alum in water will consume 6 moles of bicarbonate alkalinity which resulted in the drop of pH (Vernon and David, 1980) . Since the wastewater is having low alkalinity (50 mg/L), the Al 2 (SO 4 ) 3 .18H 2 O dosage plays an important role in phosphorus removal. For example, in case of pH 7, a raise in Al 2 (SO 4 ) 3 .18H 2 O dosage increases the phosphorus removal up to 80 mg/L. Further, an increase in the dosage leads to the decrease in phosphorus removal efficiency. The decrease in phosphorus removal efficiency after the optimum dosage was due to the restabilization of colloidal suspension (Pinotti and Zaritizky, 2001; Ahmad, et al., 2006) . Even though the precipitation reaction occur well in the optimum pH range of 5.8 to 6.5 (De Hass, et al., 2000) , the phosphorus removal efficiency decreases for pH 6 at very low dosage (20 mg/L). This is due to the fact that an increase in the dosage shifts the optimum pH to an unfavorable range for phosphate removal. The alum dosage at pH 5 and 4 does not have a major influence in phosphorous removal. In case the pH range is below 5.5, the hydration of alum does not proceed. In addition, the formation of insoluble AlPO 4 is not favored as AlPO 4 is solubilized below pH 6. For pH 8 and 9, the phosphorus removal efficiency increases with a dosage increase up to 130 and 140 mg/L. From the above, it is evident that in low alkalinity wastewater, the alum dosage needs alkalinity supplementation to achieve a residual TP of below 0.1 mg/L. The mere increase in the dosage is meaningless and it actually decreases the performance of the coagulant.
The influence of pH on phosphorus removal was depicted in Fig. 2 . Phosphate removal by aluminum phosphate highly depends upon the pH of the wastewater (Lujubinko, et al., 2004) . After Al 2 (SO 4 ) 3 .18H 2 O was added into the wastewater, the pH of the solution decreased. This is due to the fact that a part of alum was precipitated as the hydroxide forms and H + was formed in water by the following reaction: Plaza, et al., 1997) . After adding coagulant, the pH of the wastewater was more important than its initial pH for low alkalinity wastewater. Because in low alkalinity wastewater, after the addition of coagulant, the pH will drop rapidly and shift the pH optimum very fast resulting in decreased performance even in the optimum pH range (6-7) recommended in the literature for efficient phosphorus removal. For example, in case of pH 6, the phosphorus removal was high at low dosage (10 mg/L) when compared to that of remaining pH, namely 7, 8, 9 and 10. The subsequent increase in the dosage resulted in a decrease in the phosphorus removal for pH 6 rather than others. This is due to the rapid shifting of pH by alum dosage. In the pH 6, 7, 8, 9 and 10 used for coagulation, the residual phosphorus in the wastewater decreases to the range of 5.7 to 5.9. Further, this decrease in the pH level resulted in an increase in the residual phosphorus concentration, whereas the pH 4 and 5 did not play any role in the phosphorus removal. Regarding this, it is clear that the maximum tolerable pH range for low alkalinity wastewater to remove phosphorus falls between pH 5.7 and 5.9. This range acts as an indicator that a further addition of coagulant at this range resulted in a decrease in the phosphorous removal efficiency. The best place to remove the phosphorus from wastewater by AlPO 4 precipitation would be near to the tolerable pH range (6-7). It is evident from Fig. 2 that the removal of phosphorus at low dosage was higher for pH 6 and 7 than the rest of the pH. The presently observed
